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Abstract 

It  has  been  suggested  that  once  silicon  carbide  (SiC)  tech” 
nology  overcomes  some  crystal  growth  obstacles,  supe¬ 
rior  SiC  semiconductor  devices  will  supplant  silicon  in 
many  high-power  applications.  However,  a  positive  tem¬ 
perature  coefficient  of  breakdown  voltage,  a  feature  cru¬ 
cial  to  reahzing  excellent  power  device  reliability,  has  not 
been  observed  in  4H-SiC,  which  is  presently  the  best-suited 
SiC  polytype  for  power  device  implementation.  This  pa¬ 
per  reports  the  first  experimental  measurements  of  stable 
positive  temperature  coefficient  behavior  observed  in  4H- 
SiC  pn  junction  rectifiers.  This  research  indicates  that 
robust  4H-SiC  power  devices  with  high  breakdown  reli¬ 
ability  should  be  achievable  after  SiC  foundries  reduce  ma¬ 
terial  defects  such  as  micropipes,  dislocations,  and  deep- 
level  impurities. 

Introduction 

Theoretical  appraisals  of  SiC  power  devices  have  suggested 
that  once  silicon  carbide  technology  matures  sufficiendy 
to  overcome  some  developmental  obstacles,  SiC  may  sup¬ 
plant  silicon  in  many  high-power  electronic  applications 
[1-3].  A  property  crucial  to  power  device  reUability  is  the 
type  of  breakdown  that  occurs  in  high-quality  silicon  power 
devices.  Stable  first  breakdown  in  silicon  exhibits  a  posi¬ 
tive  temperature  coefficient  of  breakdown  voltage  that  is 
due  to  the  decrease  of  the  mean  free  path  of  an  electron 
when  a  crystal  lattice  is  heated.  If  no  other  transport  mecha¬ 
nism  competes  to  destabilize  a  silicon  jimction  during  a 
constant  voltage  pulse  (one  that  biases  the  diode  into  re¬ 
verse  breakdown),  the  breakdown  current  will  decrease 
with  the  increase  in  breakdown  voltage  that  occurs  as  the 
junction  heats  up.  This  property  is  crucial  in  preventing 
the  formation  of  damaging  hotspots  and  high-current  fila¬ 
ments  during  first  breakdown.  Devices  exhibiting  nega¬ 
tive  temperature  coefficient  behavior  could  be  destroyed 
by  a  transient  glitch  that  temporarily  biases  a  diode  into 
the  avalanche  regime.  This  is  because  negative  tempera¬ 
ture  coefficient  behavior  focuses  and  intensifies  breakdown 
current  at  localized  junction  hotspots,  forming  high-current 
filaments  that  physically  damage  the  device  [4,  5]. 

Until  now,  previous  /injunction  rectifiers  that  are  process 
compatible  with  commercial  6H-  and  4H-SiC  wafers  (in 
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which  the  current  flows  vertically  through  the  wafer 
roughly  parallel  to  the  crystallographic  c‘-axis)  have  ex¬ 
hibited  a  negative  temperature  coefficient  of  breakdown 
voltage  [6-10].  Furthermore,  it  has  been  experimentally 
demonstrated  that  some  6H-  and  4H-SiC  rectifiers  could 
not  even  reach  their  steady-state  breakdown  voltage  when 
subjected  to  a  single  0.2-ps  pulse  [11,12].  It  is  doubtful 
that  SiC  devices  with  unstable  breakdown  properties  could 
be  reliably  incorporated  into  many  kinds  of  power  sys¬ 
tems  without  cost  penalties  (additional  overvoltage  pro¬ 
tection  circuitry)  and/or  performance  penalties  (excessive 
reverse  voltage  derating). 

Earlier  measurements  of  SiC  junctions  with  negative  tem¬ 
perature  coefficient  breakdown  may  have  reflected  the  pres¬ 
ence  of  micropipes,  dislocations,  and  deep-level  impurity 
defects,  all  of  which  can  be  reduced  or  eliminated  by  im¬ 
provements  to  SiC  crystal  growth.  Given  the  importance 
of  stable  breakdown  properties  to  the  reliability  of  power 
devices,  it  is  crucial  to  ascertain  whether  unstable  break¬ 
down  is  a  fundamental  property  of  SiC  that  would  not  be 
avoided  by  crystal  growth  improvements.  In  this  work,  we 
sought  to  fabricate  and  study  SiC  devices  with  minimum 
crystal  imperfections  in  order  to  imderstand  the  true  na¬ 
ture  of  breakdown  in  higher  quaUty  SiC  jimctions.  Since 
crystal  dislocation  densities  of  SiC  epilayers  on  commer¬ 
cial  6H-  and  4H-SiC  wafers  are  known  to  be  on  the  order 
of  10"^  cm"^,  devices  with  areas  less  than  5  x  10“^  cm^ 
were  the  primary  focus  of  this  work,  so  that  aroimd  half 
should  be  free  of  micropipes  and  dislocations  [13].  Fur¬ 
thermore,  we  employed  a  high-quality  epitaxial  SiC  growth 
to  minimize  the  presence  of  deep-level  impurities  [14]. 

Experiment 

The  SiC  homoepilayer  structure  shown  in  figure  1  was 
grown  by  NASA  Lewis  on  substrates  cut  from  commer¬ 
cially  available  [15]  n'^  4H  silicon-face  SiC  substrates  pol¬ 
ished  3^^  to  4*^  off  the  (0001)  SiC  basal  plane.  P^n  diodes 
with  n-type  dopings  varying  between  2.5  x  10^^  and  1.5  x 
lO^^cm"^  (as  measured  by  1 -MHz  capacitance-voltage  pro- 
fiUng)  were  produced  by  atmospheric-pressure  chemical 
vapor  deposition;  these  diodes  were  produced  with  Si/C 
atomic  ratios  of  0. 16  in  the  nitrogen-doped  and  0.09  in  the 
aluminum-doped  layers  [14,16,17].  A  2000-  to  3000-A- 
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Figure  1. 4H-SiC  pn  junction  diode  cross  section. 

thick  aluminum  etch  mask,  which  defined  circular  and 
square  diode  mesas  ranging  in  area  from  7  x  10"^  cm^  to  4 
X  10^  cm^,  was  applied  and  patterned  by  metal  liftoff. 
Diode  mesas  were  defined  by  etching  to  a  depth  of  ap¬ 
proximately  2  to  3  jLUn:  reactive  ion  etching  was  used  with 
90%  CHF3 :  10%  O2  at  400  W  rf,  and  a  chamber  pressure 
of  150  mTorr.  The  etch  mask  was  employed  as  the  topside 
device  contact,  while  blanket-deposited  aluminum  served 
as  a  backside  contact. 

All  measurements  were  carried  out  in  the  dark  at  room 
temperature  on  a  probing  station.  Figure  2  shows  a  typical 
dc  I-V  (current- voltage)  characteristic  obtained  from  a  di¬ 
ode  with  rt-layer  doping  of  4.3  x  10^^  cm“^.  Any  diode  that 
showed  leakage  current  before  breakdown  or  an  unsharp 
nonvertical  breakdown  knee  was  excluded  from  further 
testing.  The  dc  breakdown  voltages  observed  in  this  work 
were  consistent  with  4H-SiC  pn  junction  dc  breakdown 
voltages  reported  in  the  literature  [18]. 

Because  self-heating  can  cause  rectifier  junction  tempera¬ 
tures  to  deviate  significantly  from  ambient  temperatures, 
we  did  not  rely  on  curve-tracer  measurements  recorded  as 
a  function  of  ambient  temperature  to  ascertain  the  tem¬ 
perature  variation  of  breakdown  voltage.  Instead,  we  re¬ 
corded  the  time  evolution  of  device  current  and  voltage 
during  the  breakdown  process.  As  the  device  self-heated 
during  the  application  of  a  breakdown  bias  pulse,  the  sign 
of  the  breakdown  voltage  temperature  coefficient  was  de¬ 
termined  from  the  voltage  and  current  transient  waveforms 
[4,5].  A  positive  temperature  coefficient  was  observed 
when  the  diode  voltage  increased  with  the  decrease  in  di¬ 
ode  current  as  the  device  was  heated  by  the  bias  pulse. 
Negative  temperature  coefficient  behavior  was  observed 
when  diode  voltage  decreased  as  diode  current  increased 
during  the  pulse. 

The  calibrated  charge-line  circuit  used  to  conduct  pulsed 
measurements  is  described  elsewhere  [11].  This  circuit 
reverse  biased  the  diodes  by  generating  rectangular-shaped 
pulses  of  2(X)-ns  width  (with  ~1  ns  risetime/falltime).  The 


Figure  2.  Curve-tracer  measured  PV  characteristics  of  4.42  x  10“^ 
cm^  circular  4H  SiC pn  junction  rectifier  recorded  at  room  tempera¬ 
ture  ambient. 

pulses  were  manually  triggered  in  a  single-shot  mode.  The 
transient  device  voltage  (Vj^it))  and  current  (4)(0)  wave¬ 
forms  were  simultaneously  recorded  and  stored  for  each 
applied  pulse  on  a  dual-channel  digitizing  oscilloscope. 
The  devices  under  test  were  checked  between  pulses  for 
any  changes  in  dc  /-K  characteristics. 

Figure  3  shows  a  series  of  device  voltage  and  current  wave¬ 
forms  as  the  input  pulse  amplitude  was  increased.  All  tran¬ 
sient  data  in  figure  3  were  taken  from  the  same  4H-SiC 
diode  whose  dc  characteristics  are  displayed  in  figure  2. 
No  measurable  current  (aside  from  displacement  current 
spikes  at  the  rising  and  falling  edges  of  the  pulse)  was 
observed  for  any  input  pulse  amplitudes  below  the  dc  meas¬ 
ured  breakdown  voltage.  At  input  pulse  amplitudes  larger 
than  the  dc  measured  breakdown  voltage,  significant  con¬ 
duction  current  flow  is  observed,  while  VD(t)  becomes  no¬ 
ticeably  smaller  than  the  input  pulse  amplitude  because  of 
clamping.  The  sign  of  the  breakdown  voltage  temperature 
coefficient  could  not  be  ascertained  from  the  relatively  flat- 
topped  voltage  and  current  data  shown  in  figure  3(a),  since 
the  combination  of  self-heating  and/or  temperature  coef¬ 
ficient  was  too  small  to  be  observed.  However,  data  taken 
at  larger  pulse  amplitudes  (fig.  3(b)  and  3(c))  clearly  ex¬ 
hibit  the  classically  stable  and  reliable  silicon-like  behav¬ 
ior  of  positive  temperature  coefficient  of  breakdown  volt¬ 
age.  As  the  device  heated  up  during  the  200-ns  pulse 
duration,  the  breakdown  current  through  the  device  /^(O 
decreased,  while  the  voltage  across  the  device  in¬ 
creased.  Approximately  2.5  A  of  peak  conduction  current 
is  observed  in  figure  3(c),  which  corresponds  to  a  current 
density  of  more  than  50,000  A/cm^.  Despite  severe  physi¬ 
cal  damage  to  the  contact  metallization  that  prevented  tran¬ 
sient  testing  at  even  larger  pulse  amplitudes,  the  dc  meas¬ 
ured  reverse  1~V  characteristics  of  the  diode  remained 
unchanged  from  the  initial  characteristics  shown  in  figure  2. 
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Figure  3.  Room-temperature  ambient  and  I^it)  data  collected 
on  4H-SiC  rectifier  (same  device  as  fig,  2)  subjected  to  breakdown 
bias  pulses  from  a  charge-line  circuit,  showing  positive  temperature 
coefficient  of  breakdown  voltage:  as  device  heats  up  over  200-ns  pulse, 
breakdown  current  flow  //>(/)  through  device  decreases,  while  volt- 
age  across  device  increases  in  (b)  and  (c).  Current  spikes  at 
rising  and  falling  edges  of  pulse  are  due  to  displacement  current, 
while  peak  conduction  current  of  ~2.5  A  corresponds  to  a  current 
density  >50,000  A/cm^. 


As  of  this  initial  report,  10  small-area  diodes  (out  of  13 
that  demonstrated  dc  I-V  characteristics  of  sufficient  qual¬ 
ity  to  warrant  pulse  testing)  exhibited  positive  tempera¬ 
ture  coefficient  breakdown.  In  most  positive  temperature 
coefficient  devices,  contact  failures  prevented  pulse  test¬ 
ing  from  reaching  sufficient  pulse  amplitudes  for  junction 
failure  to  be  observed.  Six  4H-SiC  diodes  larger  than  1  x 
10^  cm^  were  pulse  tested,  and  all  exhibited  negative  tem¬ 
perature  coefficient  breakdown  behavior  leading  to  junc¬ 
tion  failure.  Junction  failures  (as  opposed  to  contact  fail¬ 
ures)  were  observed  on  aU  negative  temperature  coefficient 
devices  tested,  regardless  of  device  size. 

Summary 

By  studying  diodes  with  junction  areas  small  enough  to 
avoid  dislocations  and  micropipes,  we  have  observed  a 
positive  temperature  coefficient  of  breakdown  voltage  in 
4H-SiC  rectifiers.  The  experimental  results  described  above 
are  consistent  with  the  hypothesis  that  defects  can  nega¬ 
tively  affect  the  breakdown  properties  of  SiC  /injunctions. 
The  impact  of  deep-level  impurities  and  dopant  carrier 
freezeout,  which  have  also  been  suggested  as  possible  con¬ 
tributing  factors  to  unstable  SiC  breakdown  behavior 
[6, 1 1 , 12] ,  remains  an  open  question  for  investigation.  Nev¬ 
ertheless,  these  results  show  that  /injunction  rectifiers  with 
reliably  stable  breakdown  properties  can  be  obtained  in 
4H-SiC.  This  study  indicates  that  robust  4H-SiC  power 
devices  with  the  same  high  reUability  as  modem  silicon 
power  devices  should  be  achievable  after  SiC  technology 
matures  enough  to  greatly  reduce  defects  such  as  micro¬ 
pipes,  dislocations,  and  deep-level  impurities  in  commer¬ 
cial  SiC  wafers  and  epilayers. 

Acknowledgment 

The  authors  would  like  to  acknowledge  the  technical  as¬ 
sistance  of  J.  Anthony  Powell,  David  Larkin,  Carl  Salupo, 
Joseph  Flatico,  Glenn  Beheim,  Jeremy  Petit,  Luann  Keys, 
and  Andrew  Tnmek  at  the  NASA  Lewis  Research  Center. 

References 

1 .  B .  J.  Bahga,  “Power  Semiconductor  Devices  for  Vari¬ 
able-Frequency  Drives,”  Proc.  IEEE  82,  No.  8,11 12-1 122, 
1994. 

2.  B.  J.  Baliga,  “Power  ICs  in  the  Saddle,”  IEEE  Spec^ 
rrwm32,No.7,34-49,  1995. 

3.  M.  Bhatnagar  and  B.  J.  Baliga,  “Comparison  of  6H- 
SiC,  3C-SiC,  and  Si  for  Power  Devices,”  IEEE  Trans,  Elec¬ 
tron  Devices  40,  No.  3,  645-655,  1993. 

4.  Bell  Laboratories,  EMP  Engineering  and  Design  Prin¬ 
ciples.  Murray  Hill,  NJ:  AT&T  Bell  Laboratories,  1984. 


5.  L.  W.  Ricketts,  J.  E.  Bridges,  and  J.  Miletta,  EMP  Ra^ 
diation  and  Protective  Techniques.  New  York:  M^ey,  1976. 

6.  A.  A.  Lebedev,  A.  M.  Strelchuk,  S.  Ortolland,  C. 
Raynaud,  M.  L.  Locatelli,  D.  Planson,  and  J.  R  Chante, 
“The  Negative  Temperature  Coefficient  of  the  Breakdown 
Voltage  of  SiC  pn  Structures  and  Deep  Centers  in  SiC,”  in 
Institute  of  Physics  Conference  Series,  No.  142,  Silicon 
Carbide  and  Related  Materials  1995,  S.  Nakashima,  H. 
Matsunami,  S.  Yoshida,  and  H.  Harima,  eds.  Bristol,  United 
Kingdom:  lOP  Publishing,  1996,  pp.  701-704. 

7.  K.  V.  Vassilevski,  V.  A.  Dmitriev,  and  A.  V.  Zorenko, 
“Silicon  Carbide  Diode  Operating  at  Avalanche  Breakdown 
Current  Density  of  60  kA/cmV’  7.  Appl  Phys.  74,  No.  12, 
7612-7614,  1993. 

8.  A.  O.  Konstantinov,  “The  Temperature  Dependence 
of  Impact  Ionization  in  SUicon  Carbide  and  Related  Ef¬ 
fects,”  in  Springer  Proceedings  in  Physics,  vol.  56,  Amor¬ 
phous  and  Crystalline  Silicon  Carbide  III,  G.  L.  Harris, 
M.  G.  Spencer,  and  C.  Y.  Yang,  eds.  Berlin,  Heidelberg: 
Springer- Verlag,  1992,  pp.  213-219. 

9.  B.  S.  Kemer,  D.  P.  Litvin,  V.  I.  Sankin,  and  A.  D. 
Roenkov,  “Dissipative  Structures  in  Hot  Electron-Hole 
Plasma  of  Hexagonal  Sihcon  Carbide,”  in  Springer  Pro¬ 
ceedings  in  Physics,  vol.  56,  Amorphous  and  Crystalline 
Silicon  Carbide  III,  G.  L.  Harris,  M.  G.  Spencer,  and  C.  Y. 
Yang,  eds.  Berlin,  Heidelberg:  Springer- Verlag,  1992,  pp. 
243-249. 

10.  M.  M.  Anikin,  M.  E.  Levinstein,  A.  M.  Strelchuk,  and 
A.  L.  Syrkin,  “Breakdown  in  Silicon  Carbide  PN  Junc¬ 
tions,”  in  Springer  Proceedings  in  Physics,  vol.  56,  Amor¬ 
phous  and  Crystalline  Silicon  Carbide  III,  G.  L.  Harris, 
M.  G.  Spencer,  and  C.  Y  Yang,  eds.  Berlin,  Heidelberg: 
Springer- Verlag,  1992,  pp.  283-286. 

1 1 .  P.  G.  Neudeck  and  C.  Fazi,  “High-Field  Fast-Risetime 
Pulse  Failures  in  4H-  and  6H-SiC  pn  Junction  Diodes,”  J. 
Appl  Phys.  80,  No.  2,  1219-1225,  1996. 


12.  P.  G.  Neudeck,  C.  Fazi,  and  J.  D.  Parsons,  “Fast 
Risetime  Reverse  Bias  Pulse  Failures  in  SiC  PN  Junction 
Diodes,”  in  Transactions  Third  International  High  Tem¬ 
perature  Electronics  Conference,  vol.  2,  Albuquerque,  NM: 
Sandia  National  Laboratories,  1996,  p.  XVI-15. 

13.  S.  Wang,  M.  Dudley,  C.  H.  Carter,  Jr.,  and  H.  S.  Kong, 
“X-Ray  Topographic  Studies  of  Defects  in  PVT  6H-SiC 
Substrates  and  Epitaxial  6H-SiC  Thin  Films,”  in  Materi¬ 
als  Research  Society  Symposium  Proceedings,  vol.  339, 
Diamond,  SiC  and  Nitride  Wide  Bandgap  Semiconductors, 
C.  H.  Carter,  Jr.,  G.  Gildenblat,  S.  Nakamura,  and  R.  J. 
Nemanich,  eds.  Pittsburgh,  PA:  Materials  Research  Soci¬ 
ety,  1994,  pp.  735-740. 

14.  D.  J.  Larkin,  P.  G.  Neudeck,  J.  A.  Powell,  and  L.  G. 
Matus,  “Site  Competition  Epitaxy  for  Superior  Sihcon 
Carbide  Electronics,”  App/.  Phys.  Lett.  65,  No.  13, 1659- 
1661,  1994. 

15.  Cree  Research,  Inc.,  2810  Meridian  Parkway,  Suite 
176,  27713  ed.  Durham,  NC. 

16.  J.  A.  Powell,  D.  J.  Larkin,  and  P.  B.  Abel,  “Surface 
Morphology  of  Silicon  Carbide  Epitaxial  Films,”  J.  Elec¬ 
tronic  Mater.  24,  No.  4,  pp.  295-303, 1995. 

17.  J.  A.  Powell,  L.  G.  Matus,  and  M.  A.  Kuczmarski, 
“Growth  and  Characterization  of  Cubic  SiC  Single-Crys¬ 
tal  Films  on  Si,”  J.  Electrochem.  Soc.  134,  No.  6,  pp.  1558- 
1565,  1987. 

18.  J.  W.  Palmour,  J.  A.  Edmond,  H.  S.  Kong,  and  C.  H. 
Carter,  Jr.,  “Vertical  Power  Devices  in  Silicon  Carbide,” 
in  Institute  of  Physics  Conference  Series,  No.  137,  Silicon 
Carbide  and  Related  Materials,  M.  G.  Spencer,  R.  P. 
Devaty,  J.  A.  Edmond,  M.  A.  Khan,  R.  Kaplan,  and  M. 
Rahman,  eds.  Bristol,  United  Kingdom:  lOP  Publishing, 
1994,  pp.  499-502. 


INTERNET  DOCUMENT  INFORMATION  FORM 


A  .  Report  Title:  Positive  Temperature  Coefficient  of  Breakdown 
Voltage  in  4H-SiC  PN  Junction  Rectifiers 

B.  DATE  Report  Downloaded  From  the  Internet  1/5/99 


C.  Report’s  Point  of  Contact:  (Name,  Organization,  Address, 
Office  Symbol,  &  Ph  #):  U.S  Army  Research  Laboratory 

Christian  Fazi  (301)  394-3011 
2800  Powder  Mill  Road 
Adelphi,  MD  20783 


D.  Currently  Applicable  Classification  Level:  Unclassified 


E.  Distribution  Statement  A:  Approved  for  Public  Release 

F.  The  foregoing  information  was  compiled  and  provided  by: 
DTIC-OCA,  Initials:  VM_  Preparation  Date:  1/5/99_ 


The  foregoing  information  should  exactly  correspond  to  the  Title,  Report  Number,  and  the  Date  on 
the  accompanying  report  document.  If  there  are  mismatches,  or  other  questions,  contact  the 
above  OCA  Representative  for  resolution. 


